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A multispecies competitive 
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The hepatitis E virus (HEV) is an emergent zoonotic virus causing viral hepatitis worldwide. Clinically, 
hepatitis E is not easily distinguished from other types of acute viral hepatitis. There is a need for HEV 
diagnostic assays to detect and prevent interspecies transmission among susceptible populations. 
Nanobodies (Nbs) are expressed recombinantly in different systems, produced with high yields, 
and have superior physicochemical properties compared with conventional antibodies (Ab). Several 
Nbs against ORF2, the capsid protein and main antigen, were selected and produced in E. coli. Nb39 
and Nb74 specifically recognized HEV ORF2 (genotypes 3 and 4). A competitive ELISA (cELISA) was 
developed and validated using a reference panel of human (n = 86) and swine sera (n = 116) tested in 
comparison with a commercial kit. The optimal cutoff values determined by ROC analysis were 69.16% 
(human) and 58.76% (swine); the sensitivity and specificity were high: 97.4% (95% CI 86.5–99.5%) and 
95.8% (95% CI 86.0–98.8%) for human vs. 100% (95% CI 93.5–100%) and 98.3% (95% CI 91.0–99.7%) 
for swine. Further, the cELISA detected total anti‑HEV antibodies in wild boar, deer, and mice. To our 
knowledge, this is the first report of production of Nbs against HEV‑3 ORF2 for diagnostic purposes.

The Hepatitis E virus (HEV) is an emerging pathogen, which is the leading cause of acute icteric hepatitis in 
developing countries. According to the World Health Organization (WHO), 20 million HEV infections and 3.3 
million symptomatic cases of hepatitis E are estimated each year  worldwide1. The high seroprevalence found in 
industrialized countries and in immunocompromised patients who develop chronic disease, support the idea 
that hepatitis E has evolved from an enteric self-limiting illness to a multifactorial and chronic  disorder2.

Usually, the infection resolves within 2–6 weeks but occasionally it develops into a serious disease known 
as fulminant hepatitis, which can be fatal in 0.5–4% of the  patients3. The acute form of the infection is more 
severe in pregnant women, organ transplant recipients, oncologic patients, HIV-positive patients or those with 
preexistent liver  diseases4–7. Chronic hepatitis may develop in certain risk groups such as patients undergoing 
a solid organ transplantation, with immune deficiencies or receiving immunosuppressive  therapies8. The HEV 
ability to replicate in tissues other than the liver, such as placenta, kidney, brain, small intestine and spleen, has 
been related to its extra-hepatic  manifestations9, although it is still a question of debate if they are a consequence 
of the replication itself or of the immune response. The most common manifestations are neuralgic amyotrophy 
(NA), Guillain–Barré syndrome, encephalitis, renal insufficiency, and blood  alterations9.
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HEV belongs to the family Hepeviridae, genera Orthohepevirus, genus: Paslahepevirus10. HEV is a single-
stranded positive-sense RNA virus that encodes for three partially-overlapping open reading frames (ORF), 
ORF1 to ORF3, and three untranslated regions (UTR). ORF2 encodes the virus structural capsid protein whose 
main function is to protect the integrity of the viral genome and is the main antigen for the host humoral immune 
 response11.

In the past, HEV was limited to endemic areas and was mainly transmitted by the oral-fecal route, but cur-
rently it has also been recognized as a zoonotic viral  hepatitis12. Further, the virus can also be transmitted by 
blood transfusion and organ transplantation. Four genotypes can infect humans: HEV-1 and HEV-2 are water-
borne, whereas HEV-3 and HEV-4 are  zoonotic13,14. However, the last two have also been detected in river, and 
waste and sewage water in Europe and South  America15. The main animal reservoirs of HEV are domestic pigs 
and wild boars, but several other species including domestic and wild animals such as cats, dogs, deer, ferrets, 
and rodents can also be infected by  HEV16,17. The most common transmission routes of the zoonotic genotypes 
to humans are occupational exposure, consumption of contaminated undercooked meat and meat-derived prod-
ucts from infected pigs, or the consumption of fecal contaminated water, fruits, and vegetables grown on fields 
fertilized with manure of infected  pigs18–20.

Data about prevalence of HEV in the Americas suggest that there is an increasing incidence of hepatitis E in 
the continent and that HEV-3 is the main circulating  genotype21,22. Something similar happened before in Europe: 
the awareness of the disease and increment in testing revealed that the HEV infection was more common than 
 expected23. Approximately 40% of the pigs from slaughterhouses in the U.S. tested positive for HEV  antibodies24. 
In Brazil, serological surveys in swine showed high prevalence rates ranging from 88.4 to 97.3%25,26. In contrast, 
the seroprevalence observed in pigs from Argentina, Chile, and Uruguay vary broadly from 0.6 to 58%27,28.

Some studies have shown that the HEV viremic rate at the time of slaughter is relatively high and puts the 
food chain at risk: the blood containing HEV virions may contaminate pork meat and lead to possible foodborne 
 infections29. The strong interdependence between the environment, humans, and animal health has led to the 
concept of One Health. Considering this notion, together with the evidence of the exposure and susceptibility 
of different animals to HEV, it becomes clear that more knowledge is needed about the distribution, the reser-
voirs, and the transmission routes of HEV. In this sense, there is still a need for HEV diagnostic assays, not only 
for swine and human samples, but also for other species, to predict and take measures to prevent interspecies 
transmission among susceptible populations.

Clinically, hepatitis E is not easily distinguished from other types of acute viral hepatitis. Its diagnosis is 
recommended mainly considering the epidemiology in endemic areas, under suspicion of contaminated water 
or when other hepatitis viruses have been excluded. Hepatitis E can be diagnosed by detecting antibodies, such 
as specific anti-HEV immunoglobulin M (IgM) by ELISA or rapid tests, or by reverse transcriptase polymerase 
chain reaction (RT-PCR) to detect the RNA of the  HEV6,30,31. The ELISA is a versatile technique commonly used 
in diagnostic laboratories because it does not need special equipment except for an ELISA reader. However, 
in several Latin American countries kits are imported from abroad and therefore they are very expensive for 
the public health system. On the other hand, RT-PCR diagnostic requires specialized laboratories and trained 
personnel in molecular biology.

HEV testing in animals has not yet been regulated in most countries. In the U.S. there is a commercial kit 
available for swine based on the ORF2 and ORF3 proteins  (PrioCHECK® HEV Antibody ELISA)32. Researchers 
have used kits intended for humans and changed the specific conjugated antibody for  swine33. Other detection 
kits are based on a sandwich ELISA and detect anti-HEV antibodies in different species using ORF2 or a synthetic 
peptide as both capture and detection reagent, the latter conjugated with Horse Radish Peroxidase (HRP)34.

In recent years, Nbs have emerged as an alternative to monoclonal antibodies or their fragments to generate 
reagents for the diagnosis of various  pathogens35,36. These proteins, obtained mostly from camelids, have unique 
properties such as small size, thermal and chemical stability, good affinity and selectivity, and can be easily modi-
fied, and produced at low  cost35. Nbs have been used to develop different types of diagnostic tests, including 
virus detection based on molecular imaging, ELISA, lateral flow immunochromatography, and immunosensors, 
among  others37. Nbs against the HEV-4 ORF2 protein protected rabbits from HEV  infection38, but they have not 
been tested for diagnostic purposes. Finally, a competitive ELISA (cELISA) based on Nbs coupled to HRP was 
recently developed to detect antibodies against avian hepatitis E  virus39.

In order to contribute to the One Health approach and taking advantage of the properties of Nbs, we devel-
oped a low-cost competitive ELISA based on Nbs that recognize HEV-3 ORF2 protein for diagnosis of HEV 
infection in multiple animal species and humans.

Results
Construction of an immune Nbs‑library. The recombinant HEV-3 ORF2 protein was expressed in a sol-
uble form (66 kDa) and purified using a Ni–NTA  resin21. According to the SDS-PAGE, the HEV-3 ORF2 protein 
was obtained with high purity (Fig. 1A). A llama was immunized with this protein following an immunization 
protocol described in Fig. 1B. Total IgG specific antibodies for HEV-3 ORF2 were evaluated by ELISA on pre-
immune and post-immune sera obtained after each immunization. A specific humoral immune response was 
observed at post immunization day 21 (PID 21) and the anti-HEV-3 ORF2 antibody titer reached a maximum of 
1,562,500 at PID 32 (Fig. 1C, end point titer), indicating that the antigen induced a good immune response in the 
llama. Briefly, as previously explained in the material and methods section, the total RNA extracted from lym-
phocytes was reversed transcribed into cDNA, then, the VHH genes (~ 400 bp) were amplified by nested-PCR 
(Supplementary Fig. S1A–C). Cloned VHH gene fragments were inserted into a pMECS-GG phagemid vector 
and a Nb-library of 1.8 ×  109 individual colonies was constructed. The analysis of 37 randomly picked colonies by 
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colony PCR revealed that 100% of the phagemid plasmids contained an insert of approximately 700 bp encoding 
the VHH genes (Fig. 1D).

Screening and identification of Nbs against the HEV‑3 ORF2 protein. Specific Nbs against the 
HEV-3 ORF2 protein were selected after infecting bacteria of the Nb-library with a helper phage according to the 
standard rescue  protocol40. A phage library of 3 ×  1012 CFU/ml was obtained and used for panning. The selection 
of specific Nb-phages was performed after the passive coating of HEV-3 ORF2 recombinant protein in the wells 
of a 96-well microtiter plate. After addition and incubation of the phage library, increased number of wash steps 
were done after each round of panning to remove unbound phage particles. To select specific HEV-3 ORF2 Nb-
phages, two successive elution methods, trypsin treatment and addition of exponentially growing bacteria, were 
applied as described in “Methods” section. As the selection rounds progressed, it was possible to detect a greater 
number of anti-HEV-3 ORF2 positive clones (Fig. 1E; Supplementary Fig. S2A). Ninety-five colonies, plus 1 
colony of non-infected TG1 cells as a negative control, were picked after 3 rounds of panning and 2 elution strat-
egies. Nanobody expression was induced with IPTG and periplasmic extracts (PE) were obtained to perform a 
PE-ELISA. Eighty-six clones that specifically bind to the HEV-3 ORF2 protein were identified (Fig. 1E). All peri-
plasms were also tested on ELISA plates coated only with PBS; no positive clones were detected confirming that 
positive clones were specific for the protein of interest (Fig. 1E; Supplementary Fig. S2A). After analysis of the 
plasmids from positive clones with the frequently cutting restriction enzymes HinfI (data not shown), 15 clones 

Figure 1.  Llama immunization and screening of Nbs against the recombinant HEV-3 ORF2 protein. (A) SDS-
PAGE and Coomassie blue staining showing the expression and purification of the recombinant HEV-3 ORF2 
protein. (B) Schematic representation of the llama immunization protocol depicting boosting, antigen dose 
and blood extraction time (p.i. post immunization). (C) Antibody titer against HEV-3 ORF2 in llama sera after 
immunization, a maximum response is reached at PID 32. (D) Agarose gel showing the ~ 700 bp PCR fragments 
corresponding to VHHs of variable size amplified from randomly picked individual colonies. (E) Identification 
of positive clones that bind specifically to the HEV-3 ORF2 protein by ELISA, 95 periplasmic extracts from 
positive colonies and from a control colony were tested. (F) Sequence logo plot using 12 Nbs sequences 
(WebLog3). High variability can be observed on the AA composition of the CDR3 domains.
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were selected and sequenced. A sequence logo plot was constructed considering only unique VHH sequences 
(12 clones). As expected, the residue conservation was high in the framework regions (FRs) and more variable 
on the complementarity-determining regions (CDRs) (Fig. 1F). High variability in length and amino acid (AA) 
composition can be observed especially in the CDR3 (Table 1, column 4 and 5).

Genetic characterization and comparison of Nbs sequences. A phylogenetic tree was constructed 
with the Nbs sequence information using MEGA version 11. As Table 1 shows, Nbs can be divided into two 
main groups, most Nbs from the upper cluster (highlighted in light grey, supported with a 97% bootstrap value) 
share similar CDR3 sequences (identical residues between clones are marked by (*) suggesting the same B-cell 
origin. In contrast, a higher variability was seen in the lower cluster (highlighted in dark grey, supported with a 
99% bootstrap). Two Nbs in this cluster contained 2 extra AA on the CDR3. Nanobody 13 possessing the shorter 
CDR3, was able to bind ORF2 (as shown by the ELISA results), however it contains features of a VH (variable 
domain of conventional antibodies), not a VHH, so it was excluded from further studies. ORF2-specific Nbs 
were selected from all rounds of panning (P) and with both elution (Elu) strategies, trypsin (T) treatment and 
cellular (C) elution (Table 1, column 3).

The germline origin was analyzed by IMGT/V-QUEST and IMGT/DomainGapAlign. The former provides 
information of the variable (V), joining (J), and diversity (D) gene segments, and data of vicugna pacos (alpaca) 
nucleotide sequences. The latter program allows comparison with lama glama (llama) protein sequences, but 
only provides information on V and J segments. We found, as expected, that Nb13 comes from a completely dif-
ferent set of VDJ genes, V3S42*01/J3*01 (Table 1, column 7) and V3S6*01/J4*01 (Table 1, column 8), according 
to V-QUEST and to DomainGapAlign, respectively. Variable segment V3-3 and allele *01 were identified for 
every Nb in the light grey cluster, while J segment was J4 for most Nbs except for Nb74, and D gene segments 
were classified as D1 or D3 according to the V-Quest program. When analyzing data on the DomainGapAlign 
program, all Nbs in this cluster shared the V3S1*01/J4*01V and J segments. For the lower cluster, V-Quest 
retrieved the V3-3*01/D4*01/J4*01 information for all clones. The DomainGapAlign found more variability in 
the V segments, V3S1, V3S2 or V3S3, whereas a similar J segment was shared. Considering this analysis and the 
variability of the CDRs sequences, we continued working with 10 Nbs, namely Nb12, Nb21, Nb22, Nb39, Nb40, 
Nb55, Nb74, Nb92, Nb94, and Nb96.

Expression and purification of recombinant anti‑HEV‑3 ORF2 Nanobodies. The E. coli WK6 
strain was transformed with pMECS-Nb vectors to express the recombinant Nbs. Ten selected Nbs were 

Table 1.  Phylogenetic analysis, selection strategy, CDR3 characteristic, yield, repertoire diversity, and germline 
origin of HEV-3 ORF2 nanobodies. Nb nanobody, ID identification, Elu elution, 1 first round of panning, 2 
second round of panning, 3 third round of panning, C cellular elution, T trypsin elution, AA amino acids in the 
CDR3.
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expressed and proteins of the expected size, approximately 15 kDa, were observed (Supplementary Fig. S3A). 
Six Nbs (highlighted in bold in Table 1, column 2), selected based on their yield and CDR3 AA composition 
(Table  1, column 5), were scaled up, purified, and further characterized (Supplementary Fig.  S3B). Protein 
expression yields were in the 2.5–3.4 mg/L range (Table 1, column 6).

Selection and characterization of nanobodies against HEV‑3 ORF2 for diagnostic pur‑
poses. The selected Nbs were analyzed by ELISA to choose the optimal Nb to develop a competitive ELISA 
(cELISA). A 96-well microtiter plate was coated with 2 concentrations of the antigen corresponding to the 
HEV-3 ORF2 protein and then incubated with different dilutions of the different Nbs. At a concentration of 
0.031 μg/ml, the Nb39 and Nb74 showed the highest absorbance values at comparable dilutions, independently 
of the antigen concentration used (Fig. 2A,B). Then, Nb39 and Nb74 were evaluated at lower concentrations 
using 0.62 μg/ml ORF2. Similar absorbance was obtained for both Nbs (Fig. 2C).

We also wanted to test if the selected Nbs were able to recognize the native ORF2 protein and ORF2 in the 
presence of 8 M urea. A 96-well microtiter plate was coated with 0.62 μg/ml of the ORF2 protein of the 1–4 
HEV genotypes obtained under native conditions or in the presence of 8 M urea. As shown in Fig. 2D, Nb39 
and Nb74 recognized only the soluble form of HEV-3 and HEV-4 ORF2 whereas HEV-1 and HEV-2 ORF2 were 
not recognized (Fig. 2D).

Optimization of an immunoassay for the detection of antibodies against HEV‑3 ORF2. The 
optimal concentrations of antigen and the selected Nb39 were established by iELISA. 96-well microtiter ELISA 
plates were coated with different concentrations of HEV-3 ORF2 protein and after a blocking step, different 
concentrations of Nb39 were added. Figure 3A shows all the concentrations tested and the red arrows show the 
three paired HEV-3 ORF2-Nb39 values with an  A450nm = 1 that were selected for further analysis (Fig. 3A). Last, 
the optimal serum dilution was evaluated by cELISA using the three antigen-Nb39 concentration pairs selected 
before (200, 100, and 50 ng/ml of antigen and 6.25, 12.5, and 60 ng/ml of Nb39, respectively). As a result, the 
best conditions were: 50 ng/ml of HEV-3 ORF2 protein, undiluted serum, and 60 ng/ml of Nb39, considering 
the higher percent of inhibition (PI) of the positive serum with respect to the negative serum and the positive/
negative (P/N) ratio as shown in Fig. 3B and Supplementary Table 1, respectively. Figure 3C and Supplementary 
Table 1 show that the same conditions used for humans are appropriate for evaluating domestic swine sera.

Figure 2.  Characterization of Nbs against HEV-3 ORF2 protein. (A,B) An ELISA was performed to select the 
most suitable Nbs able to bind to the ORF2 protein at 2 different concentrations. A 96-well microtiter plate was 
coated with 0.62 (A) and 1.25 μg/ml (B) of ORF2 protein, respectively. (C) Further characterization of the 2 best 
Nbs to develop the immunoassay. A 96-well microtiter plate was coated with 0.62 μg/ml and incubated with 
different concentrations of Nb39 and Nb74. (D) Binding capacity of Nb39 and Nb74 to different form, native 
(nORF2) vs. denaturized (dORF2), of ORF2 proteins from 4 HEV genotypes.
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Summing up, the cELISA was established as follows: (a) 50 ng/ml HEV-3 ORF2 protein (100 μl/well) for 18 h 
at 4 °C; (b) blocking with 5% skimmed milk (200 μl/well) for 2 h at 37 °C; (c) undiluted serum (100 μl/well) for 
1 h at 37 °C; (d) 5 washing steps (300 μl/well); (e) 60 ng/ml of Nb39 (100 μl/well); (f) washing five times (300 μl/
well); (g) HRP anti-6xHis antibody (dilution 1:10,000) for 2 h at 37 °C, (h) 1 mg/ml of TMB (100 μl/well) for 
15 min at RT; and (i) 1 M phosphoric acid (100 μl/well).

Validation of the novel nanobody‑based cELISA. A total of 86 human and 116 domestic swine sera 
were tested with the cELISA. The individual PI values were calculated and then analyzed with the Epitool soft-
ware. In the case of the human cELISA, the ROC curve is shown in Fig. 4A. The area under the curve (AUC) was 
0.976 (95% CI 0.938–1). The ROC curve aided to set the cutoff value at 69.16% to determine the status of human 
serum samples (Fig. 4B). Therefore, a PI ≥ 69.16% is considered positive for human sera. The resulting data were 
compared with data obtained from a commercial ELISA (DIAPRO). The sensitivity and specificity were 97.4% 
(95% CI 86.5–99.5%) and 95,8% (95% CI 86.0–98.8%), respectively (Table 2).

In the case of the cELISA for swine sera, Fig. 4C shows the ROC curve with an AUC of 1 (95% CI 1–1). The 
cutoff value was 58.76%, indicating that a swine serum sample with a PI ≥ 58.76% is considered seropositive and 

Figure 3.  Parameter optimization of the cELISA. (A) iELISA. Selection of concentration of Ag and Nb. The 
figure shows the selected three points (red triangle) for Ag and Nb that can be observed on the right table. (B,C) 
cELISA. The optimal conditions of Ag, Nb, and serum dilution were selected. Human sera (B). Swine sera (C). 
The figure shows a lighter color in the positive serum using the following conditions: 50 ng/ml of Ag, undiluted 
serum, and 60 ng/ml of Nb39.
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below 58.76% is considered seronegative for HEV-3 (Fig. 4D). In this case, the sensitivity and specificity were 
100% (95% CI 93.5–100%) and 98.3% (95% CI 91.0–99.7%), respectively (Table 2).

Agreements of the developed nanobody‑based cELISA with a commercial ELISA. For human 
serum samples (n = 86), the kappa index value of the cELISA with respect to the commercial immunoassay was 
0.93 (95% CI 0.85–1.00). The 116 swine sera were tested with both the cELISA and the commercial kit, and the 
kappa index value was 0.95 (95% CI: 0.89–1.00), indicating in both cases an almost perfect agreement (Table 3).

Reproducibility and detection limit. To analyze the reproducibility of the assay, 9 positive and negative 
human serum samples were tested by the cELISA to determine the intra-assay variability. Further, 2 positive and 
negative human sera were screened in the 6 different plates to evaluate the inter-assay variability. The intra-assay 
and inter-assay CV were < 10% and < 15%, respectively (Supplementary Table 2). These data indicated that the 
developed cELISA exhibited good reproducibility. The detection limit for the novel cELISA was ≥ 0.5 UI/ml 
(Supplementary Fig. S4).

Figure 4.  Determination of cutoff, sensitivity, and specificity for the cELISA. (A) Receiver operating 
characteristics (ROC) analysis shows sensitivity vs specificity for discrimination between positive and negative 
human serum samples that were screened for in house and commercial tests. AUC = 0.976. (B). The optimal 
values of the sensitivity and specificity curves were used to determine the cELISA cutoff = 69.16%, for human 
samples, full blue line. (C) ROC curve for swine serum samples. AUC = 1.000 (D) The cELISA cutoff for swine 
serum samples was 58.76%, dashed sky-blue line.

Table 2.  Validation of a novel in house cELISA.

Validation Human Swine

Cut off 69.16% 58.76%

Sensitivity 97.40% (95% CI 86.50–99.50%) 100% (95% CI  93.5–100%)

Specificity 95.80% (95% CI 86.00–98.80%) 98.30% (95% CI  91.00–99.70%)

Kappa index 0.93 (95% CI 0.85–1.00) 0.95 (95% CI 0.89–1.00)

AUC 0.98 (0.94–1.00) 1 (1–1)
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The novel cELISA is useful for detecting specific anti‑HEV‑3‑ORF2 in several animal spe‑
cies. To confirm whether the cELISA can be used to detect anti-HEV antibodies in serum samples from 
different animal species, we tested a total of 247 sera of different sample collections from swine, wild boar, deer, 
dogs, and mice, previously evaluated with commercial tests for HEV antibodies. The results are depicted in Fig. 5 
and the characteristics of the samples are shown in the Supplementary Table 3. The results highly correlated with 
the commercial ELISA for all human and animal species tested except for dogs, one positive sample was not 
detected by the ELISA.

Discussion
HEV is an emergent virus causing viral hepatitis  worldwide2. There is an increasing concern as this virus has 
been isolated from different hosts with an ever-expanding host range, being the domestic pig and wild boar 
the most important reservoirs for genotypes 3 and  441. As previously mentioned, in humans, HEV infection is 

Table 3.  Kappa Index of novel cELISA for human and swine.

Human Commercial ELISA

cELISA

Positive Negative Total

Positive 37 2 39

Negative 1 46 47

Total 38 48 86

k 0.93 (95% CI 0.85–1.00)

Swine Commercial ELISA

cELISA

Positive Negative Total

Positive 55 2 57

Negative 1 58 59

Total 56 60 116

k 0.95 (95% CI 0.89–1.00)

Figure 5.  Detection of specific total anti-HEV antibodies with the novel cELISA in serum samples of different 
species (human, swine, wild boar, deer, dog, and mice).
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generally self-limited and asymptomatic, but it can be fulminant in about 4% of the cases with an increased risk 
of 25% in pregnant women and the possibility to develop chronicity in immunocompromised  patients2,4,42. HEV 
genotypes 3, 4, and 7 can be transmitted from animals to humans; thus, it is important to continue developing 
and improving diagnostic tests for this zoonotic  disease30.

The HEV genome can be found in samples (blood or stool) for short periods of time during the early stages 
of infection. After that, humans and animals develop antibodies against the virus, which are detectable for a 
longer period of  time2. Reverse transcription polymerase chain reaction and serological diagnostic methods are 
considered the main techniques to determine HEV  infection2. The RT-PCR technique is expensive, complex, 
and it can be done only in laboratories where molecular biology know-how and specific equipment are available. 
In contrast, immunoassays such as ELISA, western blot, and immunofluorescence, can be used to detect viral 
particles and antibodies, their set-up is simpler, and the cost is  lower43–46. Some of the serological diagnostic 
tests for humans have been adapted to detect antibodies in  animals33,34. A disadvantage of these methods is that 
they require conventional antibodies (polyclonal or monoclonal antibodies) as their main reagents and their 
production is complex and expensive. The selection of hybridomas is a time-consuming and laborious process, 
it requires specialized laboratory techniques, and the cell lines must be stable through multiple cell generations, 
with high risk of losing a producing  clone47. VHH, the variable domains of heavy chain-only antibodies of 
camelids and sharks, are small and very stable proteins that can be produced in bacterial and yeast expression 
systems with good yields. The microbial expression systems used for nanobody production are simpler and more 
cost-effective compared to hybridoma cell line maintenance. Nanobodies are highly versatile tools that have 
been used to detect different targets such as viral particles, toxins, hormones, antigens, and  antibodies43,48–50. A 
great advantage of these antibody fragments is that they can be easily modified to generate capture and detection 
molecules stable at room  temperature51. This is important considering the need of transporting the kits to areas 
where the maintenance of cold chain can be difficult.

ORF2, the capsid protein of HEV, is the main antigen towards which the immune response is  directed21. 
Therefore, it is commonly used as antigen in several formats of immunoassays for detection of anti-HEV 
 antibodies21,52,53. The glycosylated ORF2 (gORF2) is not part of the capsid and is released into plasma during 
viral  replication54. The gORF2 can be present in sera for a longer time than the HEV genome and is a biomarker 
for active viral replication.

In this work, we selected two sets of Nbs with a variable germline origin. Two strategies of elution (trypsin 
and cellular) to obtain specific Nbs were applied, and we were able to obtain similar Nbs. For example, Nb14 
and Nb57 sharing the same CDR3, were selected with cellular and trypsin elution, respectively (Table 1). The 
Nbs recognize the glycosylated form of the protein (data not shown) and are currently under study for their 
application in antigen detection assays. Six Nbs, selected considering their affinities and CDR3 sequences, were 
expressed and purified with good purity and yield from the periplasm of E. coli WK6, with a simple standard 
low-cost  protocol35,40. The Nb39 and Nb74 were further selected for their higher affinities towards the HEV-3 
ORF2 protein. Even though a neutralizing Nb against the HEV-4 ORF2 protein has been already described, the 
authors did not evaluate if it was able to recognize ORF2 from other  genotypes38. In this study, we showed that 
both Nb39 and Nb74 were able to recognize ORF2 from 2 different genotypes: HEV-3 and HEV-4. Furthermore, 
these Nbs recognize a structural epitope, as they bound to ORF2 obtained only under native conditions in E. coli 
but not in the presence of 8 M urea (linear epitope) (Fig. 2D).

Hu et al. developed a double-antigen sandwich ELISA for detection of HEV-specific antibodies in human or 
swine  sera55. The assay is based on the ORF2 protein as both capture and detection antigen, the latter conjugated 
with HRP. This process involves a periodate oxidation method, several steps of dialysis and a final step of stabili-
zation. Other commercial tests, such as the one used in this study as reference, are also double-sandwich ELISA 
that use synthetic peptides for coating and HRP-labeled peptides for detection. Herein, we developed a cELISA 
which uses the recombinant HEV-3 ORF2 protein as capture antigen, the Nb39 to compete with the anti-HEV 
antibodies present in serum, and an anti-His antibody that recognizes bound Nbs as a detection reagent. Our 
novel cELISA detects specific antibodies in human, swine, wild boar, deer, and mouse sera. The use of undiluted 
serum samples results in a shorter procedure time and spares the use of a dilution reagent.

The novel cELISA showed high sensitivity, specificity, and almost perfect agreement with the commercial 
ELISA (DIAPRO) with kappa values of 0.93 (95% CI 0.85–1.00) for human and 0.95 (95% CI 0.89–1.00) for 
swine. Due to the number of available samples in each panel, the sensitivity and specificity were only calculated 
for human and swine sera obtaining excellent values of sensitivity [97.4% (95% CI 86.5–99.5%) for human and 
100% (95% CI 93.5–100%) for swine] and specificity [95.8% (95% CI 86.0–98.8%) for human and 98.3% (95% 
CI 91.0–99.7% for swine. For the other species tested, the agreement with the commercial test was 100% except 
for dog samples. In this case there was only one positive sample available which could not be assessed as posi-
tive by our immunoassay. Further studies are needed to evaluate if this assay is suitable for dog samples, too.

In Argentina, the HEV is an emergent virus, which has not yet been included in the routine diagnosis of 
patients with liver pathology. In the present study, we screened 64 sera of patients with liver disease and found 
a seroprevalence of 8%. This result points out the need of including HEV in the routine diagnostic algorithm 
of viral hepatitis.

The assay for the detection of total immunoglobulins anti-hepatitis E virus has a significant practical util-
ity in both clinic and community settings. On the one hand, this assay helps identifying individuals who 
have been exposed to hepatitis E virus and have developed an immune response through the production of 
 immunoglobulins2. By detecting total immunoglobulins, the assay enables healthcare professionals to diagnose 
and monitor hepatitis E infections in patients. On the other hand, this assay provides valuable information for 
healthcare providers to assess the prevalence and incidence of hepatitis E virus infections among their patient 
population. The assay’s sensitivity and specificity will contribute to its reliability in clinical settings, aiding in the 
implementation of appropriate patient management strategies, even in locations where diagnostics by molecular 
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biology is unfeasible. In community settings, the assay’s practical utility becomes even more apparent. It will 
allow for large-scale screening and surveillance programs to identify individuals who may have been exposed 
to hepatitis E virus within a community or population, such as blood  donors21, professional occupations with 
animal reservoirs such as veterinarians, slaughterhouse and forestry workers, and  hunters56. This information is 
crucial for public health officials to assess the spread of the virus, understand its epidemiology, and implement 
appropriate control measures. By detecting total immunoglobulins, the assay will help in identifying individuals 
and animal reservoirs with past or ongoing infections, even if they are asymptomatic or have mild symptoms.

In summary, we developed and validated a novel, multispecies, and specific cELISA to detect antibodies 
against HEV. The developed ELISA exhibited good sensitivity, specificity, and high consistency with the com-
mercial kit. The cELISA can be used to test human clinical and veterinary serum samples. We have estimated 
that the local production cost of the biological components of the cELISA is at least 20 times lower than the cost 
of the imported kits.

To the best of our knowledge, this is the first report of production of Nbs against HEV-3 ORF2 for diagnostic 
purposes. These Nbs are useful tools that should be further investigated for their possible use in research and 
passive therapy, as it has been suggested for other virus  infections57,58.

Methods
HEV‑3 ORF2 recombinant protein production. The recombinant HEV-3 ORF2 protein (aa112–608) 
was used both as immunogen and as coating antigen, for the construction of a phage displayed Nb-library and 
development of the  immunoassay21. The pETG-A-His-N-ORF2 plasmid was transformed into E. coli Rosetta 
by heat shock. Then, the selected clone was induced with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) 
at 37 °C for 4 h. After centrifugation, the bacteria were collected and resuspended in lysis buffer (10% glycerol, 
20 mM Tris–HCl, 0.5 M NaCl, 5 mM imidazole, pH 7.9, supplemented with 0.02 mg/ml DNAse, 0.1% Triton, 
0.2 mM PMSF, 1 mM DTT, and 1 mg/ml lysozyme). Finally, the N-terminal His-tagged protein was purified 
from the supernatant using a Ni–NTA resin (Thermo Fisher Scientific), the expression and purification of the 
HEV-3 ORF2 protein was checked by SDS-PAGE. The ORF2 protein of HEV-1, HEV-2, HEV-4 were expressed 
and purified in the same conditions to determine the binding capacity of selected Nbs.

Llama immunization and library construction. Llama inoculation and sample collection were con-
ducted by trained staff; this study was approved by the Animal Care and Use Committee of INTA (CICUAE) 
under the protocol N° 15/2020. A llama was intramuscularly injected with recombinant HEV-3 ORF2 protein 
(150 μg per dose) on days 0, 14, 28, and 50. Complete Freund’s adjuvant was used for the first dose and incom-
plete Freund’s adjuvant for the following boosts. The antibody responses were monitored by ELISA on serum 
samples taken after each immunization. For this, a 96-well microtiter plate was coated overnight with 100 ng of 
ORF2 protein per well in carbonate/bicarbonate buffer pH 9.6. Next day wells were blocked with 3% skimmed 
milk in PBST (PBS + 0.05% Tween20) for 1 h and llama serum, five-fold diluted in 1.5% skimmed milk, was 
added to the coated plates and incubated for 2  h at room temperature. After washing, 50  μl of HRP-linked 
anti-llama IgG (Bethyl Laboratories) diluted 1:15,000 was added. The reaction was developed with TMB and 
absorbance at 450 nm was measured (TECAN). The end point titer was estimated as the reciprocal of the highest 
dilution with an  A450 that is at least double the  A450 of preimmune serum sample.

Four days after the last boost, lymphocytes were isolated from 150 ml of anticoagulated blood using Ficoll 
Paque Plus (GE Life Sciences) in Leucosep tubes (GBO). Total RNA was extracted using a RNAeasy Midi kit 
(Qiagen) following the manufacturer’s instructions. Complementary DNA was prepared with oligo(dT) primers 
using the First Strand cDNA Synthesis Kit (Roche). The VH and VHH genes were amplified using FastStart Taq 
DNA polymerase (Roche) using the following primers, CALL001: (5′-GTC CTG GCT GCT CTT CTA CAAGG-3′) 
and CALL002: (5′-GGT ACG TGC TGT TGA ACT GTTCC-3′). A PCR amplicon of 0.7 kb was purified from the gel 
after electrophoresis using a  Wizard® SV Gel and PCR Clean-Up System (Promega). Purified PCR fragment was 
used as a template in a nested PCR to specifically amplify the VHH coding sequence using VHH-BACK-SAPI: 
(5′-CTT GGC TCT TCT GTG CAG CTG CAG GAG TCT GGR GGA GG-3′) and VHH-FORWARD-SAPI: (5′-TGA 
TGC TCT TCC GCT GAG GAG ACG GTG ACC TGGGT-3′) primers. A Golden Gate assembly was done to clone 
the VHH sequences between two SapI sites of the pMECS-GG phagemid vector (containing coding sequences 
for HA and 6xHis tag at the C terminus), following a protocol previously  described59. Electro-competent E. coli 
TG1 cells (Lucigen) were transformed with the purified ligation mixture and plated on selective agar medium. 
In order to determine the size of the library ten-fold serial dilutions of the recovered transformed cells were 
done in LB medium and later plated on selective agar medium. Individual colonies were picked to determine 
the number of clones containing VHH sequences. For this, a colony PCR was done using the following primers 
Fw-col: 5′-TTA TGC TTC CGG CTC GTA TG-3′; and Rv-col: 5′-CCA CAG ACA GCC CTC ATA G-3′ as it has been 
 described40.

Biopanning of the nanobody‑library against HEV‑3 ORF2 protein. To select Nbs specific to HEV-3 
ORF2 protein, 2 ml of bacteria from the stock library were inoculated into 2xTY medium until  A600nm = 0.6, 
afterwards the VCSM13 helper phage (Stratagene) was used to infect exponentially growing bacteria. The result-
ing Nb-library was panned three times on 96-well microtiter plates (Maxisorp Nunc) coated with the recombi-
nant protein or the corresponding negative controls. The positive wells were coated with 0.2 μg of ORF2 in 100 μl 
PBS (phosphate-buffered saline) overnight at 4 °C, while the negative wells received only PBS. The next day, wells 
were washed twice with PBST and blocked with 2% skimmed milk in PBST. Approximately,  1012 phages were 
preincubated with 10 μl of blocking solution in 100 μl of PBS for 30 min at room temperature by head-over-head 
rotation, then added on positive and negative wells and incubated for 2 h on a vibrating platform (500 r.p.m.). 
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During the first panning round wells were washed 10 times with PBST, while wells were washed 20 and 25 times 
for the second and third rounds respectively. Plates were incubated for 5 min on a vibrating platform (300 r.p.m.) 
every 5 washes. Specific phages were eluted with 100 μl of a 0.25 mg/ml trypsin solution (Sigma-Aldrich) for 
30 min followed by neutralization with 5 μl of 4 mg/ml AEBSF solution (Carl Roth). A second elution step was 
done adding exponentially growing E. coli TG1 cells to the wells and incubating for 30 min at 37 °C. Trypsin 
eluted phages were amplified by infection of exponentially growing E. coli TG1 for 30 min. Infected TG1 cells 
were later superinfected with the VCSM13 helper phage. After superinfection, the culture was centrifuged at 
2800g for 10 min at room temperature to remove traces of glucose and the pellet was resuspended in 2xTY 
medium supplemented with 100  μg/ml ampicillin and 25  μg/ml kanamycin. Next day, phages were purified 
using PEG 6000/NaCl precipitation and used for the next round of selection.

To obtain specific binders, individual TG1 colonies were screened by ELISA using periplasmic extract (PE-
ELISA). For this, 95 colonies from the positive wells (from different panning rounds and elution strategies) and 
1 colony from the negative well (colony 1) were inoculated in 1 ml of 2xTY medium containing 100 μg/ml ampi-
cillin and 0.1% glucose in a 96-well deep well plates. Nbs expression was induced after incubation for 3 h at 37 
°C and 200 r.p.m. with 1 mM IPTG (isopropyl β-d-1-thiogalactopyranoside). After induction for 4 h, cells were 
centrifuged, the pellet was frozen and thawed twice to disrupt cells, and resuspended in 120 μl of PBS. After cen-
trifugation, the periplasmic extract was taken to determine specific binding of Nbs to the HEV-3 ORF2 protein.

Screening of HEV‑3 ORF2 protein‑specific nanobodies. Specific binding of Nbs to the HEV-3 ORF2 
protein was determined by ELISA. For this, 96-well microtiter plates (Maxisorp, Nunc) were coated overnight 
at 4 °C with 200 ng/well of recombinant protein or PBS as negative control. After 3 washes with PBST, the wells 
were blocked with 3% skimmed milk in PBST and 50 μl of the periplasmic extract was added to each well and 
incubated for 2 h at room temperature. After washing with PBST to remove excess of Nbs, specific binding was 
detected with an HRP-linked anti-HA antibody (Abcam) diluted 1:1500. After washing, 50 μl of TMB (3,3′,5,5′ 
tetramethylbenzidine, BD) was added, and the A450 nm was measured using a 96-well plate reader (TECAN). 
Plasmids were extracted from TG1 cells and transformed in E. coli DH5α in order to obtain high-quality DNA 
suitable for sequencing, plasmid DNA mini preparations were done using a commercial kit (Inbio Highway). 
Plasmids were sent for sequencing (Macrogen) to analyze their variability.

Phylogenetic tree and germline analysis. Genetic similarity among sequenced Nbs was analyzed by a 
Neighbor-joining tree with 1000 bootstrap replicates using MEGA version 11. The IMGT/V-QUEST program 
(http:// www. imgt. org/ IMGT_ vquest/ vquest) was used to analyze the germline origin and to determine CDR3s 
of the selected Nbs. Nanobody sequences were also analyzed by IMGT/DomainGapAlign (https:// www. imgt. 
org/ 3Dstr ucture- DB/ cgi/ Domai nGapA lign. cgi). Sequence logo was plotted using  WebLogo360.

Expression and purification of nanobodies in E. coli WK6. Plasmids encoding the selected Nbs were 
transformed into E. coli WK6 by heat shock and 2 colonies from each construct were inoculated in 1 ml of LB 
medium supplemented with 100 μg/ml ampicillin and 2% glucose for 18 h at 37 °C and 200 r.p.m. Then, 30 μl 
of the culture was added to 3 ml of TB medium supplemented with 100 μg/ml ampicillin, 0.1% glucose, and 
1 mM  MgCl2 and incubated for 2 h 30 min at 37 °C and 200 r.p.m. Protein expression was induced with 1 mM 
IPTG for 4 h at 37 °C. Then, the cell pellet was mixed with 45 μl of ice-cold TES buffer (0.2 M Tris–HCl, 0.5 mM 
EDTA, 0.5 M sucrose), after incubating for 1 h on ice, 130 μl of  H2Odd were added and further incubated for 
2 h. Finally, the periplasmic extract was obtained by centrifugation at 4 °C and analyzed by Western  Blot61. For 
scaled-up expression, 2 ml of the overnight culture were added to 200 ml of culture medium (TB with ampicillin, 
glucose and  MgCl2) at 37 °C and 200 r.p.m. When the culture reached an  A600nm = 0.6, protein expression was 
induced with 1 mM IPTG at 28 °C overnight. After centrifugation, the periplasmic proteins were extracted by 
osmotic shock following a protocol described  elsewhere61. C-terminal 6xHis tagged Nbs were purified by affin-
ity chromatography (Ni–NTA resin) and identified by SDS-PAGE. The concentration of Nbs was determined by 
the Bradford method.

Optimization and development of cELISA using anti‑HEV‑3 ORF2 protein‑specific nanobod‑
ies. After selecting the Nbs, we proceeded with the development of a cELISA as follows. A 96-well microtiter 
plate  (JetBiofil®) was coated with 100 μl of HEV-3 ORF2 protein per well (0.62 and 1.25 μg/ml) and incubated 
for 18 h at 4 °C. Wells were blocked with 200 μl of 5% skimmed milk during 2 h at 37 °C. Subsequently, different 
concentrations of Nbs (1; 0.5; 0.25; 0.12; 0.062 and 0.031 μg/ml) were added and incubated for 1 h at 37 °C. After 
washing 3 times with PBS, 100 μl HRP-linked anti-6xHis antibody (Abcam) that recognizes only the C-terminal 
6xHis tag, diluted 1:10,000, was added for 1 h at 37 °C. Finally, 100 μl of 0.1 mg/ml TMB (Sigma) was added 
for 15 min at room temperature, the color reaction was stopped with 1 M phosphoric acid, and the  A450nm was 
measured using an ELISA plate reader (Allshen, China). The Nbs with the best affinity were re-tested at lower 
concentrations (0.06; 0.03; 0.015; 0.008; 0.004, 0.002; 0.001; and 0 μg/ml) by indirect ELISA (iELISA).

Different parameters were optimized including antigen concentration, Nb concentration, and serum dilution. 
To optimize the concentrations of the antigen and Nb, an iELISA was employed. In this experiment, 100 μl of 
HEV-3 ORF2 protein was coated onto a 96-well microtiter plate at various concentrations (600, 400, 200, 100, 
50, 25, 12.5, 6.25, and 0 ng/ml), and the plate was left to incubate at 4 °C for 18 h. Following blocking with 5% 
skimmed milk, 100 μl of Nbs at different concentrations (100, 60, 25, 12.5, 6.25, 3.12, and 1.56 ng/ml) were added 
and incubated for 1 h at 37 °C. The optimal conditions for HEV-3 ORF2 protein and Nbs were determined based 
on an  A450nm value close to 1.0.

http://www.imgt.org/IMGT_vquest/vquest
https://www.imgt.org/3Dstructure-DB/cgi/DomainGapAlign.cgi
https://www.imgt.org/3Dstructure-DB/cgi/DomainGapAlign.cgi
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The dilution of positive and negative sera from both human and pig samples was optimized for the develop-
ment of the cELISA. For this, the HEV-3 ORF2 protein was coated overnight at 4 °C. Then, 100 μl of the respec-
tive serum dilution (undiluted, 1/2, and 1/4) were added and incubated for 1 h at 37 °C. After washing, 100 μl 
of Nbs were added and incubated for 1 h at 37 °C. Then, 100 μl of HRP-linked anti-6xHis antibody was added 
for 1 h at 37 °C. After each incubation, wells were washed 5 times with PBST. Finally, the TMB substrate was 
added and incubated for 15 min at room temperature. One molar phosphoric acid was used to stop the reaction. 
The optimal serum dilution was determined considering the percent of inhibition (PI) and the minimum ratio 
between the  A450nm value of a positive and a negative serum (P/N). Lastly, the cELISA was established as follow: a 
96-well microtiter plate was coated with the optimal concentration of the HEV-3 ORF2 protein (100 μl/well) and 
incubated overnight at 4 °C. After washing with PBS, the plate was blocked with 5% skimmed milk (200 μl/well) 
for 2 h at 37 °C. After washing, the serum dilution (100 μl/well) was added and incubated for 1 h at 37 °C. The 
optimal dilutions of Nbs (100 μl/well) were added and incubated during 1 h at 37 °C. After washing, a HRP-linked 
anti-6xHis antibody (100 μl/well) was added for 1 h at 37 °C and after washing 0.1 mg/ml TMB (100 μl/well) 
was added and incubated at 37 °C in the dark for 15 min. The reaction was stopped with 1 M phosphoric acid 
and the  A450 nm values were read and converted to percent of inhibition (PI) using the formula: PI = 100 −  (A450nm 
tested sample/A450nm negative control) × 100%62. As a negative control for the cELISA, buffer was added instead 
of serum. There was no cross reactivity of the HRP-linked anti-6xHis antibody with the N-terminal-His-tagged 
ORF2 (results not shown).

Validation of cELISA and comparison with a commercial ELISA. Eighty-six human and 116 swine 
sera were confirmed as positive for HEV by an iELISA (Diapro, Italy) or by an antigen double sandwich ELISA 
(Diapro, Italy), respectively. Then, both sera panels were tested with the cELISA. All data were analyzed with 
Epitool software to determine the cut off values with the receiver operating characteristic (ROC) curve, the area 
under the curve (AUC), sensitivity, and specificity. The k index value was also calculated to determine the agree-
ment between the commercial and the novel cELISA.

To evaluate the reproducibility of the developed cELISA, 9 positive and 9 negative human sera were tested, 
each serum was analyzed in 9 replicates on the same 96-well microtiter plate. Then, two positive and 2 negative 
human sera were tested on 6 plates at different times to calculate the coefficient of variation (CV), and to evaluate 
the inter-assay (between plates) and intra-assay variabilities (within a plate).

The limit of detection was determined with a standard serum for HEV antibodies (1 UI/ml) (Diapro, Italy). 
The serum was diluted (1, 0.5, 0.25, 0.125, and 0.062 UI/ml) and then tested with the cELISA.

Screening of total antibodies anti‑HEV‑3 ORF2 protein in different species. The cELISA was 
used to test several samples of human and animal sera to assess the possibility that our assay could be used to 
detect anti-HEV antibodies in different species. Human samples comprised a panel of 64 sera of patients with 
liver disease which were collected in 2019 (CEI 27-2019, ethic committee of the provincial system of health 
(SIPROSA), Tucumán, Argentina). Informed consent was obtained from all participants. Swine (n = 116), wild 
boar (n = 22), deer (n = 20), and dog (n = 20) samples are part of a serum collection obtained during 2017–2022. 
The samples from BALB/c mice (n = 5) were obtained after a subcutaneous immunization of mice every 3 weeks 
with the recombinant HEV-3 ORF2 protein (CICUAL-UNT N°025/2019). All sera were pre-screened using two 
different commercial kits: the antigen double sandwich ELISA (Diapro, Italy) for animal samples and the total Ig 
indirect ELISA (Diapro, Italy) for human samples. The serum samples were stored at − 20 °C.

Statistical analysis. Data was analyzed with GraphPad Prism version 8.0 (GraphPad Software, San Diego, 
CA, USA). The validation and k index value were evaluated using Epitool software (https:// epito ols. ausvet. com. 
au/). The CV values less than 10% and 15% were considered an acceptable repeatability level for the intra-plate 
assay and inter-assay variabilities,  respectively21.

Ethical approval. All methods were carried out in accordance with relevant guidelines and regulations. 
Animal immunizations were performed in strict accordance with the ARRIVE guidelines and were approved by 
the Ethical Committee of the National University of Tucumán (CICUAL-UNT) Nr.043/2021.
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Data are available from the corresponding authors (Lorena Itatí Ibañez and María Guadalupe Vizoso Pinto) 
upon reasonable request.

Received: 18 April 2023; Accepted: 4 September 2023

References
 1. Sarmiento-Silva, R. E. & Arenas-Huertero, F. Hepatitis E in Latin America. Ann. Hepatol. 18, 541–542. https:// doi. org/ 10. 1016/j. 

aohep. 2019. 05. 004 (2019).
 2. Aslan, A. T. & Balaban, H. Y. Hepatitis E virus: Epidemiology, diagnosis, clinical manifestations, and treatment. World J. Gastro-

enterol. 26, 5543–5560. https:// doi. org/ 10. 3748/ wjg. v26. i37. 5543 (2020).
 3. Echevarria, J. M. Light and darkness: prevalence of hepatitis E virus infection among the general population. Scientifica (Cairo) 

481016, 2014. https:// doi. org/ 10. 1155/ 2014/ 481016 (2014).
 4. Ahmad, T., Hui, J., Musa, T. H., Behzadifar, M. & Baig, M. Seroprevalence of hepatitis E virus infection in pregnant women: a 

systematic review and meta-analysis. Ann. Saudi Med. 40, 136–146. https:// doi. org/ 10. 5144/ 0256- 4947. 2020. 136 (2020).

https://epitools.ausvet.com.au/
https://epitools.ausvet.com.au/
https://doi.org/10.1016/j.aohep.2019.05.004
https://doi.org/10.1016/j.aohep.2019.05.004
https://doi.org/10.3748/wjg.v26.i37.5543
https://doi.org/10.1155/2014/481016
https://doi.org/10.5144/0256-4947.2020.136


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15448  | https://doi.org/10.1038/s41598-023-41955-z

www.nature.com/scientificreports/

 5. Hansrivijit, P. et al. Hepatitis E in solid organ transplant recipients: A systematic review and meta-analysis. World J. Gastroenterol. 
27, 1240–1254. https:// doi. org/ 10. 3748/ wjg. v27. i12. 1240 (2021).

 6. Velavan, T. P. et al. Hepatitis E: An update on One Health and clinical medicine. Liver Int. 41, 1462–1473. https:// doi. org/ 10. 1111/ 
liv. 14912 (2021).

 7. Nasir, M. & Wu, G. Y. HEV and HBV dual infection: A review. J. Clin. Transl. Hepatol. 8, 313–321. https:// doi. org/ 10. 14218/ JCTH. 
2020. 00030 (2020).

 8. Parvez, M. K. Chronic hepatitis E infection: risks and controls. Intervirology 56, 213–216. https:// doi. org/ 10. 1159/ 00034 9888 
(2013).

 9. Rawla, P. et al. A systematic review of the extra-hepatic manifestations of hepatitis E virus infection. Med. Sci. (Basel) https:// doi. 
org/ 10. 3390/ medsc i8010 009 (2020).

 10. Purdy, M. A. et al. ICTV virus taxonomy profile: Hepeviridae 2022. J. Gen. Virol. https:// doi. org/ 10. 1099/ jgv.0. 001778 (2022).
 11. Cancela, F., Noceti, O., Arbiza, J. & Mirazo, S. Structural aspects of hepatitis E virus. Arch. Virol. 167, 2457–2481. https:// doi. org/ 

10. 1007/ s00705- 022- 05575-8 (2022).
 12. Wang, B. & Meng, X. J. Hepatitis E virus: host tropism and zoonotic infection. Curr. Opin. Microbiol. 59, 8–15. https:// doi. org/ 10. 

1016/j. mib. 2020. 07. 004 (2021).
 13. Luk, K. C., Coller, K. E., Dawson, G. J. & Cloherty, G. A. Identification of a putative novel genotype 3/rabbit hepatitis E virus (HEV) 

recombinant. PLoS One 13, e0203618. https:// doi. org/ 10. 1371/ journ al. pone. 02036 18 (2018).
 14. Kim, Y. H. et al. Detection of hepatitis E virus genotypes 3 and 4 in pig farms in Korea. J. Vet. Sci. 19, 309–312. https:// doi. org/ 10. 

4142/ jvs. 2018. 19.2. 309 (2018).
 15. Takuissu, G. R. et al. Hepatitis E virus in water environments: A systematic review and meta-analysis. Food Environ. Virol. 14, 

223–235. https:// doi. org/ 10. 1007/ s12560- 022- 09530-3 (2022).
 16. Pavio, N., Doceul, V., Bagdassarian, E. & Johne, R. Recent knowledge on hepatitis E virus in Suidae reservoirs and transmission 

routes to human. Vet. Res. 48, 78. https:// doi. org/ 10. 1186/ s13567- 017- 0483-9 (2017).
 17. Spahr, C., Knauf-Witzens, T., Vahlenkamp, T., Ulrich, R. G. & Johne, R. Hepatitis E virus and related viruses in wild, domestic and 

zoo animals: A review. Zoonoses Public Health 65, 11–29. https:// doi. org/ 10. 1111/ zph. 12405 (2018).
 18. Dalton, H. R. & Izopet, J. Transmission and epidemiology of Hepatitis E virus genotype 3 and 4 infections. Cold Spring Harb. 

Perspect. Med. https:// doi. org/ 10. 1101/ cshpe rspect. a0321 44 (2018).
 19. Van der Poel, W. H. Food and environmental routes of Hepatitis E virus transmission. Curr. Opin. Virol. 4, 91–96. https:// doi. org/ 

10. 1016/j. coviro. 2014. 01. 006 (2014).
 20. Heldt, F. H. et al. Hepatitis E virus in surface water, sediments, and pork products marketed in Southern Brazil. Food Environ. 

Virol. 8, 200–205. https:// doi. org/ 10. 1007/ s12560- 016- 9243-7 (2016).
 21. Arce, L. P. et al. A Novel in-house enzyme-linked immunosorbent assay for genotype 3 hepatitis E virus reveals high seroprevalence 

in blood donors in Northern Argentina. Front. Microbiol. 10, 2481. https:// doi. org/ 10. 3389/ fmicb. 2019. 02481 (2019).
 22. Remondegui, C. et al. Serologic evidence of the circulation of the hepatitis E virus and the prevalence of antibodies against hepatitis 

A in an indigenous population in northern Argentina. Rev. Argent. Microbiol. https:// doi. org/ 10. 1016/j. ram. 2020. 10. 006 (2021).
 23. Aspinall, E. J. et al. Hepatitis E virus infection in Europe: surveillance and descriptive epidemiology of confirmed cases, 2005 to 

2015. Euro Surveill. https:// doi. org/ 10. 2807/ 1560- 7917. ES. 2017. 22. 26. 30561 (2017).
 24. Sooryanarain, H. et al. Hepatitis E virus in pigs from Slaughterhouses, United States, 2017–2019. Emerg. Infect. Dis. 26, 354–357. 

https:// doi. org/ 10. 3201/ eid26 02. 191348 (2020).
 25. Vitral, C. L. et al. Serological evidence of hepatitis E virus infection in different animal species from the Southeast of Brazil. Mem. 

Inst. Oswaldo Cruz 100, 117–122. https:// doi. org/ 10. 1590/ s0074- 02762 00500 02000 03 (2005).
 26. dos Santos, D. R. et al. Serological and molecular evidence of hepatitis E virus in swine in Brazil. Vet. J. 182, 474–480. https:// doi. 

org/ 10. 1016/j. tvjl. 2008. 08. 001 (2009).
 27. Munne, M. S. et al. Identification of the first strain of swine hepatitis E virus in South America and prevalence of anti-HEV anti-

bodies in swine in Argentina. J. Med. Virol. 78, 1579–1583. https:// doi. org/ 10. 1002/ jmv. 20741 (2006).
 28. Mirazo, S. et al. Serological and virological survey of hepatitis E virus (HEV) in animal reservoirs from Uruguay reveals elevated 

prevalences and a very close phylogenetic relationship between swine and human strains. Vet. Microbiol. 213, 21–27. https:// doi. 
org/ 10. 1016/j. vetmic. 2017. 11. 013 (2018).

 29. Sooryanarain, H. & Meng, X. J. Swine hepatitis E virus: Cross-species infection, pork safety and chronic infection. Virus Res. 284, 
197985. https:// doi. org/ 10. 1016/j. virus res. 2020. 197985 (2020).

 30. Al-Sadeq, D. W., Majdalawieh, A. F., Mesleh, A. G., Abdalla, O. M. & Nasrallah, G. K. Laboratory challenges in the diagnosis of 
hepatitis E virus. J. Med. Microbiol. 67, 466–480. https:// doi. org/ 10. 1099/ jmm.0. 000706 (2018).

 31. Marrone, G. et al. Acute HEV hepatitis: clinical and laboratory diagnosis. Eur. Rev. Med. Pharmacol. Sci. 23, 764–770. https:// doi. 
org/ 10. 26355/ eurrev_ 201901_ 16891 (2019).

 32. Martino, C. et al. Detection of anti-HEV antibodies and RNA of HEV in pigs from a hyperendemic Italian region with high human 
seroprevalence. Eur. J. Public Health 31, 68–72. https:// doi. org/ 10. 1093/ eurpub/ ckaa1 12 (2021).

 33. Pisano, M. B. et al. New pieces in the transmission cycle of the hepatitis E virus in South America: first viral detection in wild boars 
from Argentina. Trans. R. Soc. Trop. Med. Hyg. 113, 497–499. https:// doi. org/ 10. 1093/ trstmh/ trz034 (2019).

 34. Fonti, N. et al. Molecular and pathological detection of hepatitis E virus in roe deer (Capreolus capreolus) and fallow deer (Dama 
dama) in Central Italy. Vet. Sci. https:// doi. org/ 10. 3390/ vetsc i9030 100 (2022).

 35. Muyldermans, S. Applications of nanobodies. Annu. Rev. Anim. Biosci. 9, 401–421. https:// doi. org/ 10. 1146/ annur ev- animal- 021419- 
083831 (2021).

 36. Salvador, J. P., Vilaplana, L. & Marco, M. P. Nanobody: outstanding features for diagnostic and therapeutic applications. Anal. 
Bioanal. Chem. 411, 1703–1713. https:// doi. org/ 10. 1007/ s00216- 019- 01633-4 (2019).

 37. Bastos-Soares, E. A. et al. Single domain antibodies in the development of immunosensors for diagnostics. Int. J. Biol. Macromol. 
165, 2244–2252. https:// doi. org/ 10. 1016/j. ijbio mac. 2020. 10. 031 (2020).

 38. Chen, Y. et al. Identification of two novel neutralizing nanobodies against swine hepatitis E virus. Front. Microbiol. 13, 1048180. 
https:// doi. org/ 10. 3389/ fmicb. 2022. 10481 80 (2022).

 39. Chen, T. et al. Development of a novel competitive ELISA based on nanobody-horseradish peroxidase fusion protein for rapid 
detection of antibodies against avian hepatitis E virus. Poult. Sci. 102, 102326. https:// doi. org/ 10. 1016/j. psj. 2022. 102326 (2023).

 40. Pardon, E. et al. A general protocol for the generation of nanobodies for structural biology. Nat. Protoc. 9, 674–693. https:// doi. 
org/ 10. 1038/ nprot. 2014. 039 (2014).

 41. Kenney, S. P. The current host range of hepatitis E viruses. Viruses https:// doi. org/ 10. 3390/ v1105 0452 (2019).
 42. Damiris, K., Aghaie Meybodi, M., Niazi, M. & Pyrsopoulos, N. Hepatitis E in immunocompromised individuals. World J. Hepatol. 

14, 482–494. https:// doi. org/ 10. 4254/ wjh. v14. i3. 482 (2022).
 43. Lu, Q. et al. Nanobody-horseradish peroxidase and -EGFP fusions as reagents to detect porcine parvovirus in the immunoassays. 

J. Nanobiotechnol. 18, 7. https:// doi. org/ 10. 1186/ s12951- 019- 0568-x (2020).
 44. Gonzalez, L. A. et al. Evaluation of monoclonal antibodies that detect conserved proteins from Respiratory Syncytial Virus, 

Metapneumovirus and Adenovirus in human samples. J. Virol. Methods 254, 51–64. https:// doi. org/ 10. 1016/j. jviro met. 2018. 01. 
011 (2018).

https://doi.org/10.3748/wjg.v27.i12.1240
https://doi.org/10.1111/liv.14912
https://doi.org/10.1111/liv.14912
https://doi.org/10.14218/JCTH.2020.00030
https://doi.org/10.14218/JCTH.2020.00030
https://doi.org/10.1159/000349888
https://doi.org/10.3390/medsci8010009
https://doi.org/10.3390/medsci8010009
https://doi.org/10.1099/jgv.0.001778
https://doi.org/10.1007/s00705-022-05575-8
https://doi.org/10.1007/s00705-022-05575-8
https://doi.org/10.1016/j.mib.2020.07.004
https://doi.org/10.1016/j.mib.2020.07.004
https://doi.org/10.1371/journal.pone.0203618
https://doi.org/10.4142/jvs.2018.19.2.309
https://doi.org/10.4142/jvs.2018.19.2.309
https://doi.org/10.1007/s12560-022-09530-3
https://doi.org/10.1186/s13567-017-0483-9
https://doi.org/10.1111/zph.12405
https://doi.org/10.1101/cshperspect.a032144
https://doi.org/10.1016/j.coviro.2014.01.006
https://doi.org/10.1016/j.coviro.2014.01.006
https://doi.org/10.1007/s12560-016-9243-7
https://doi.org/10.3389/fmicb.2019.02481
https://doi.org/10.1016/j.ram.2020.10.006
https://doi.org/10.2807/1560-7917.ES.2017.22.26.30561
https://doi.org/10.3201/eid2602.191348
https://doi.org/10.1590/s0074-02762005000200003
https://doi.org/10.1016/j.tvjl.2008.08.001
https://doi.org/10.1016/j.tvjl.2008.08.001
https://doi.org/10.1002/jmv.20741
https://doi.org/10.1016/j.vetmic.2017.11.013
https://doi.org/10.1016/j.vetmic.2017.11.013
https://doi.org/10.1016/j.virusres.2020.197985
https://doi.org/10.1099/jmm.0.000706
https://doi.org/10.26355/eurrev_201901_16891
https://doi.org/10.26355/eurrev_201901_16891
https://doi.org/10.1093/eurpub/ckaa112
https://doi.org/10.1093/trstmh/trz034
https://doi.org/10.3390/vetsci9030100
https://doi.org/10.1146/annurev-animal-021419-083831
https://doi.org/10.1146/annurev-animal-021419-083831
https://doi.org/10.1007/s00216-019-01633-4
https://doi.org/10.1016/j.ijbiomac.2020.10.031
https://doi.org/10.3389/fmicb.2022.1048180
https://doi.org/10.1016/j.psj.2022.102326
https://doi.org/10.1038/nprot.2014.039
https://doi.org/10.1038/nprot.2014.039
https://doi.org/10.3390/v11050452
https://doi.org/10.4254/wjh.v14.i3.482
https://doi.org/10.1186/s12951-019-0568-x
https://doi.org/10.1016/j.jviromet.2018.01.011
https://doi.org/10.1016/j.jviromet.2018.01.011


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15448  | https://doi.org/10.1038/s41598-023-41955-z

www.nature.com/scientificreports/

 45. Owen, S. I. et al. Twelve lateral flow immunoassays (LFAs) to detect SARS-CoV-2 antibodies. J. Infect. 84, 355–360. https:// doi. 
org/ 10. 1016/j. jinf. 2021. 12. 007 (2022).

 46. Kohl, T. O. & Ascoli, C. A. Immunoassays. Cold Spring Harb. Protoc. 2017, 093690. https:// doi. org/ 10. 1101/ pdb. top09 3690 (2017).
 47. Mahdavi, S. Z. B. et al. An overview on display systems (phage, bacterial, and yeast display) for production of anticancer antibodies; 

advantages and disadvantages. Int. J. Biol. Macromol. 208, 421–442. https:// doi. org/ 10. 1016/j. ijbio mac. 2022. 03. 113 (2022).
 48. Wang, W. et al. A nanobody-based immunoassay for detection of ustilaginoidins in rice samples. Toxins (Basel) https:// doi. org/ 

10. 3390/ toxin s1410 0659 (2022).
 49. Murad, H., Assaad, J. M., Al-Shemali, R. & Abbady, A. Q. Exploiting nanobodies in the detection and quantification of human 

growth hormone via phage-sandwich enzyme-linked immunosorbent assay. Front. Endocrinol. (Lausanne) 8, 115. https:// doi. org/ 
10. 3389/ fendo. 2017. 00115 (2017).

 50. Yang, Y. Y. et al. Nanobody-based indirect competitive ELISA for sensitive detection of 19-nortestosterone in animal urine. Bio-
molecules https:// doi. org/ 10. 3390/ biom1 10201 67 (2021).

 51. Kunz, P. et al. The structural basis of nanobody unfolding reversibility and thermoresistance. Sci. Rep. 8, 7934. https:// doi. org/ 10. 
1038/ s41598- 018- 26338-z (2018).

 52. Takova, K. et al. Development and optimization of an enzyme immunoassay to detect serum antibodies against the hepatitis E 
virus in pigs, using plant-derived ORF2 recombinant protein. Vaccines (Basel) https:// doi. org/ 10. 3390/ vacci nes90 90991 (2021).

 53. Pandolfi, R., Ramos de Almeida, D., Alves Pinto, M., Kreutz, L. C. & Frandoloso, R. In house ELISA based on recombinant ORF2 
protein underline high prevalence of IgG anti-hepatitis E virus amongst blood donors in south Brazil. PLoS One 12, e0176409. 
https:// doi. org/ 10. 1371/ journ al. pone. 01764 09 (2017).

 54. Zhou, Z., Xie, Y., Wu, C. & Nan, Y. The hepatitis E virus open reading frame 2 protein: beyond viral capsid. Front. Microbiol. 12, 
739124. https:// doi. org/ 10. 3389/ fmicb. 2021. 739124 (2021).

 55. Hu, W. P. et al. Double-antigen enzyme-linked immunosorbent assay for detection of hepatitis E virus-specific antibodies in human 
or swine sera. Clin. Vaccine Immunol. 15, 1151–1157. https:// doi. org/ 10. 1128/ CVI. 00186- 07 (2008).

 56. Pisano, M. B. et al. Viral hepatitis update: Progress and perspectives. World J. Gastroenterol. 27, 4018–4044. https:// doi. org/ 10. 
3748/ wjg. v27. i26. 4018 (2021).

 57. Mei, Y. et al. Research progress and applications of nanobody in human infectious diseases. Front. Pharmacol. 13, 963978. https:// 
doi. org/ 10. 3389/ fphar. 2022. 963978 (2022).

 58. Ibanez, L. I. et al. Nanobodies with in vitro neutralizing activity protect mice against H5N1 influenza virus infection. J. Infect. Dis. 
203, 1063–1072. https:// doi. org/ 10. 1093/ infdis/ jiq168 (2011).

 59. Romao, E. et al. Construction of high-quality camel immune antibody libraries. Methods Mol. Biol. 1701, 169–187. https:// doi. 
org/ 10. 1007/ 978-1- 4939- 7447-4_9 (2018).

 60. Crooks, G. E., Hon, G., Chandonia, J. M. & Brenner, S. E. WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190. https:// 
doi. org/ 10. 1101/ gr. 849004 (2004).

 61. Muyldermans, S. A guide to: generation and design of nanobodies. FEBS J. 288, 2084–2102. https:// doi. org/ 10. 1111/ febs. 15515 
(2021).

 62. Gelkop, S. et al. The development and validation of a novel nanobody-based competitive ELISA for the detection of foot and mouth 
disease 3ABC antibodies in cattle. Front. Vet. Sci. 5, 250. https:// doi. org/ 10. 3389/ fvets. 2018. 00250 (2018).

Acknowledgements
We thank Dr. Gisella Marcoppido and Diego Franco for Llama management and care. We are also grateful to Dr. 
Ana Palazzo, Dr. Daniela Perez and Dr. Maria Murga for patient samples and discussion.

Author contributions
L.P.A.: generated the research ideas and aims, participated in the research and investigation process, prepared 
data presentation, applied statistical analysis, and wrote main manuscript. M.F.P.: participated in the research and 
investigation process, prepared data presentation. M.B.: participated in the research and investigation process. 
S.E.G., S.M.E., A.T.S., W.E.C., M.M.U.: provided HEV characterized animal samples. V.P.: participated in the 
research, applied statistical analysis and investigation process and in founding acquisition. M.G.V.P.: generated 
the research ideas and aims, participated in founding acquisition, designed methodology, provided character-
ized human serum samples, had responsibility for the research activity planning and execution, and wrote the 
main manuscript. L.I.I.: generated the research ideas and aims, participated in founding acquisition, conducted 
research and investigation process, designed methodology, had responsibility for the research activity planning 
and execution, and wrote the main manuscript. All authors agreed with and revised the final manuscript.

Funding
This research was funded with the following Grants from the Agencia Nacional de Promoción Científica y 
Tecnológica: PICT-Start-Up 2017-4652 and PICT 2019-3382 awarded to MGVP; PICT 2016-2426 and PICT-
Start-Up 2019-0016 awarded to LII and VP, and COVID-19 406 awarded to VP.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 41955-z.

Correspondence and requests for materials should be addressed to M.G.V.-P. or L.I.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.jinf.2021.12.007
https://doi.org/10.1016/j.jinf.2021.12.007
https://doi.org/10.1101/pdb.top093690
https://doi.org/10.1016/j.ijbiomac.2022.03.113
https://doi.org/10.3390/toxins14100659
https://doi.org/10.3390/toxins14100659
https://doi.org/10.3389/fendo.2017.00115
https://doi.org/10.3389/fendo.2017.00115
https://doi.org/10.3390/biom11020167
https://doi.org/10.1038/s41598-018-26338-z
https://doi.org/10.1038/s41598-018-26338-z
https://doi.org/10.3390/vaccines9090991
https://doi.org/10.1371/journal.pone.0176409
https://doi.org/10.3389/fmicb.2021.739124
https://doi.org/10.1128/CVI.00186-07
https://doi.org/10.3748/wjg.v27.i26.4018
https://doi.org/10.3748/wjg.v27.i26.4018
https://doi.org/10.3389/fphar.2022.963978
https://doi.org/10.3389/fphar.2022.963978
https://doi.org/10.1093/infdis/jiq168
https://doi.org/10.1007/978-1-4939-7447-4_9
https://doi.org/10.1007/978-1-4939-7447-4_9
https://doi.org/10.1101/gr.849004
https://doi.org/10.1101/gr.849004
https://doi.org/10.1111/febs.15515
https://doi.org/10.3389/fvets.2018.00250
https://doi.org/10.1038/s41598-023-41955-z
https://doi.org/10.1038/s41598-023-41955-z
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15448  | https://doi.org/10.1038/s41598-023-41955-z

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	A multispecies competitive nanobody-based ELISA for the detection of antibodies against hepatitis E virus
	Results
	Construction of an immune Nbs-library. 
	Screening and identification of Nbs against the HEV-3 ORF2 protein. 
	Genetic characterization and comparison of Nbs sequences. 
	Expression and purification of recombinant anti-HEV-3 ORF2 Nanobodies. 
	Selection and characterization of nanobodies against HEV-3 ORF2 for diagnostic purposes. 
	Optimization of an immunoassay for the detection of antibodies against HEV-3 ORF2. 
	Validation of the novel nanobody-based cELISA. 
	Agreements of the developed nanobody-based cELISA with a commercial ELISA. 
	Reproducibility and detection limit. 
	The novel cELISA is useful for detecting specific anti-HEV-3-ORF2 in several animal species. 

	Discussion
	Methods
	HEV-3 ORF2 recombinant protein production. 
	Llama immunization and library construction. 
	Biopanning of the nanobody-library against HEV-3 ORF2 protein. 
	Screening of HEV-3 ORF2 protein-specific nanobodies. 
	Phylogenetic tree and germline analysis. 
	Expression and purification of nanobodies in E. coli WK6. 
	Optimization and development of cELISA using anti-HEV-3 ORF2 protein-specific nanobodies. 
	Validation of cELISA and comparison with a commercial ELISA. 
	Screening of total antibodies anti-HEV-3 ORF2 protein in different species. 
	Statistical analysis. 
	Ethical approval. 

	References
	Acknowledgements


